In an effort to thoroughly understand the mechanisms of biochemical reactions, accurate measurement of enzyme kinetics is essential. Typical methods used to study reaction systems employ stirred cuvettes, stopped-flow systems, lab-on-a chip/microfluidic flow channels, or some other sample container together with an appropriate monitoring system.^[@ref1]−[@ref3]^ With many of the standard reaction rate methods, adsorption of reactants and products to the walls of the reaction vessel proves problematic. Reaction rates may be altered by biofilm buildup on reactor walls.([@ref4]) In an effort to avoid such problems, we report the use of an acoustically levitated drop reactor (LDR).([@ref5]) Precedent measurements of kinetics in levitated drops include work by David Weis and others.^[@ref6]−[@ref8]^

Acoustic levitation is not a new concept.^[@ref9],[@ref10]^ The theory is largely understood.^[@ref11],[@ref12]^ Acoustic levitation offers the advantages of small sample volume (and mass), the prevention of chemical contamination between drops and external objects, and increased analytical sensitivity, since no walls disturb detection.^[@ref13],[@ref14]^ This technique, first described in 1933,([@ref15]) and its applications in chemical analysis has been reviewed by Santesson et al.([@ref16]) Recently, there has been an increase in the use of levitators for studying biochemical reactions.^[@ref6],[@ref17]^ The development of various sample handling, mixing, and detection techniques for use in levitation potentially allows for the use of drops as microreactors for the study of biochemical kinetics.

Droplet generation and sample delivery is an important aspect of an operational levitator. Most research employing levitators uses syringes, pipettes, or picoliter (pL) drop-on-demand ballistic injection,^[@ref18]−[@ref20]^ wherein a piezoelectrically driven microdispenser is used to pulse, on demand, picoliter-sized droplets into the levitation cavity. In the present study, sample introduction, mixing, volume maintenance, and fluid removal were performed using Poiseuille flow through a capillary bundle system.

Kinetics measurements for both luminol chemiluminescence and lactate dehydrogenase (LDH) catalyzed reaction of NADH with pyruvate were conducted. These reactions have been studied previously and are well understood.^[@ref21]−[@ref23]^ Using these reactions, we were able to characterize performance of an LDR as a batch reactor for study of the kinetics. We address the degree of mixing in the drop and compare to the luminescence in a 5 μL capillary-fed drop to that seen in larger reactors.

Materials and Methods {#sec2}
=====================

Materials {#sec2.1}
---------

All reagents were purchased from either Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Fair Lawn, NJ), unless otherwise noted. For chemiluminescence experiments, solutions of 0.07 M luminol (CAS 521-31-3), 3.0 M sodium bicarbonate (NaHCO~3~, CAS 144-55-8), 0.5 M sodium carbonate (Na~2~CO~3~, CAS 497-19-8), 0.05 M ammonium carbonate ((NH~4~)~2~CO~3~, CAS 506-87-6), 0.015 M copper II sulfate (CuSO~4~, CAS 7758-98-7), and 0.10% hydrogen peroxide (H~2~O~2~, CAS 144-55-8) were prepared using 18 MΩ ultrapure water purified using a Q-POD ultrapure water filtration system (ZMQSP0D02, Millipore, Billerica, MA). Reagents were both prepared and stored at room temperature. Literature concentrations and procedures were modified so that reaction would occur at a measurable rate in a 5 μL drop.([@ref24]) When experiments were run, 0.2 mL each of luminol, NaHCO~3~, Na~2~CO~3~, (NH~4~)~2~CO~3~, and CuSO~4~ solutions were added to one sample injection vial, while 1 mL of H~2~O~2~ solution was added to a second. For each run, 2.5 μL of the luminol mixture was injected into the LDR followed by 2.5 μL of H~2~O~2~.

For the enzyme-catalyzed fluorescence experiments, solutions of 1 mM sodium pyruvate (CAS 113-24-06), 0.15 mM nicotinamide adenine dinucleotide, reduced form (NADH, CAS 606-68-8), 0.25 units/mL of [l]{.smallcaps}-lactate dehydrogenase (LDH, CAS 9001-60-9), 0.1% w/v poly-[l]{.smallcaps}-lysine, MW 150 000−300 000 (CAS 25988-63-0), and 0.25 mM bovine serum albumin (BSA, CAS 9048-46-8) were prepared, separately, in 0.1 M 1×-phosphate buffer solution (PBS, CAS 7558-79-4) (HyClone, Logan, UT). All reagents, except LDH, were refrigerated (10 °C) when not in use. LDH was frozen (−20 °C). Solution preparation and reaction procedures were detailed previously.([@ref25]) When running experiments, 0.75 mL each of sodium pyruvate and NADH were added to one injection vial and 1.5 mL of LDH to the second. For each run, a 4 μL drop was generated for reaction; 3.5 μL of the NADH mixture was injected into the LDR followed by 0.5 μL of LDH solution. To prevent LDH from adhering to the walls of the of the pipet tips, in transferring it from stock solution to LDR sample vials, transfer pipet tips were coated with BSA before each transfer. CYTOP (ASAHI Glass Company. Maiden, MA), a fluorinated-polymer, with a contact angle of greater than 110°, was applied to the outer surface of the capillaries to provide a superhydrophobic outer-coating so that the drops do not wick to the sides of the capillaries. Walls of capillaries used to convey LDH were coated with poly-[l]{.smallcaps}-lysine([@ref26]) by pumping a 0.01% solution through capillaries following cleaning with piranha solution (3 parts concentrated H~2~SO~4~, 1 part H~2~O~2~. Warning: piranha solution is a strong oxidant, must be kept away from significant quantities of oxidizable organic compounds, and must be disposed of by careful neutralization.)

LDR Setup and Capillary Positioning {#sec2.2}
-----------------------------------

Before drops are introduced into the LDR([@ref5]) via the capillary system, the capillaries must be positioned within 1 mm of the LDR pressure node. This is achieved by first tuning the system to levitate free-floating drops while maintaining close to spherical drop shape, localizing the drop on the apparatus cylindrical axis, and avoiding shape fluctuations. Control is then transferred to a LabView 8.0 module (see the [Supporting Information](#si1){ref-type="notes"}). Temperature, pressure and relative humidity, in the space surrounding the drop, are recorded, using a portable sensor (Omega Engineering, Inc. iBTHX-W), and reflector height computed and adjusted as previously described.([@ref5]) A syringe is used to introduce a 5 μL drop into the LDR. This drop is used as a guide for the tip of the capillary system to indicate the optimal position for delivering reactants. This procedure only has to be completed once daily.

Sample Introduction {#sec2.3}
-------------------

Sample introduction was achieved using a Poiseuille flow capillary system developed in-house (Figure [1](#fig1){ref-type="fig"}D). The setup consists of a polyamide adhered, poly-[l]{.smallcaps}-lysine (PLL) flushed, CYTOP-coated, capillary bundle to deliver the initial drop to the levitator, add reactants, and remove the droplet once reacted. The capillary bundle is made of three 1 m long, 363 μm o.d., 180 μm i.d., flexible fused silica capillaries from Polymicro Technologies (Phoenix, AZ). They are adhered to one another using a polyimide resin (CAS 68410-23-1). Each capillary is connected to a 2 mL vial using a series of PEEK fittings, ferrules, unions, and tubing sleeves (Upchurch Scientific, model numbers F33NX, P-702, P-440, and F-238X), in which reagents can be placed for delivery to the LDR or from which waste can be collected. PLL (0.01% w/v) in 0.1 M phosphate buffer is flushed through the capillaries to coat the inner walls of the capillaries to eliminate cationic enzyme adsorption or build-up on the walls. The coated capillaries are used for up to 60 reaction runs before recoating with PLL. The capillary bundle is positioned using an *XYZ* stage (TSX-1A, Newport, Irvine, CA).

![Acoustic levitation: (A) schematic of the entire acoustic levitation drop reactor (LDR) system; (B) levitation cavity setup of the LDR. The sample vials with connections to the silica fused capillary bundles system, the continuous wave argon laser, drop, and optical detection system are also shown. (C) Three-capillary bundle system: three 1 m, 180 mm i.d. fused silica capillaries bonded with polyamide resin. Orientation with two capillaries coplanar on the top and one capillary on the bottom is needed for successful experiments. (inset: actual capillary bundle). (D) Levitated drops, before the introduction of the capillary bundle (top) and capillary bundle in the levitated drop (bottom).](ac-2009-01400y_0001){#fig1}

Fluids are fed into the levitator through two of the capillaries using pressurized argon (40 psi). The inlet flow rate is 2.3 μL/s. A belt driven, HYVAC vacuum pump (−12 psi, 600 rpm, CENCO, New Brighton, MN) is connected to the third capillary. A 1 mL vial, used to collect the sample waste as drops are removed, is positioned between the capillary and the pump.

To control fluid flow, a series of two-way, 5 V solenoid valves (Precision Dynamics, Inc. New Britain, CT) are used on each capillary line. This stopped flow system is controlled using a LabVIEW 8.0 program. Solenoid drivers are connected directly to the digital outputs on a multifunction analog-to-digital (ADC) card (PCI-DAS6014, Measurement Computing Inc., Norton, MA). The program allows for sequential fluid injection from the sample vials within seconds with the click of one LabVIEW module button. Drops are removed in the same way. Without using the vacuum to remove the drop, a 5 μL levitated drop will evaporate completely from the tip of the capillaries within 6 min in a dry atmosphere close to room temperature, 23 °C. For the experiments conducted in this article, all reactions were complete in less than 1 min, sufficiently less than 6 min to avoid a significant concentration change due to water evaporation.

The LDR and capillary bundle system are currently used as a two channel stopped flow reactor. Modified flow control would turn the system into either a continuously stirred tank reactor or continuous flow analyzer.

Kinetics Measurements {#sec2.4}
---------------------

Besides adding the capillary system, the LDR previously described([@ref5]) was modified by addition of foot switches (model FTSW-SM, MicroRidge, Sunriver, OR) to allow hands-free, fine-tuning adjustments (0.01 mm increments, axial) of the reflector height for optimum levitation. A high speed CMOS camera (Stingray IEEE1394 C-Mount Camera, Allied Vision Technologies GmbH, Stadtroda/Germany), coupled with a 0.63× magnification telecentric lens (Invarigon 59 LGU 042 with 59 LGZ 415 teleconverter, CVI/Melles Griot, Covina, CA) was used to view the levitation cavity during experiments in real time. Temperature (near-ambient), pressure, humidity, levitation bimorph drive voltage, and reflector height were recorded before each run.

For the chemiluminescence experiments, the time course of the luminol reaction with H~2~O~2~ was detected using a 910 μm core diameter fiber optic (BFH22-910, ThorLabs, Newton, NJ) coupled to a photomultiplier tube (PMT) (R928, Hamamatsu. Bridgewater, NJ) with a variable high voltage supply (model 205A-01R, Bertan Associates), set to 375 V (Figure [1](#fig1){ref-type="fig"}). The output current from the PMT was sensed through a 1 V/μA linear amplifier. The signal output from the amplifier was T-ed to an oscilloscope (7603, Tektronix, 7A14 plug-in) through a 1 MΩ signal input and to the same multifunction ADC used for the solenoid valve control mentioned earlier. The ADC was configured with 16 analog single ended inputs. A LabView 8.0 program using the Measurement Computing Universal Library for LabVIEW collected, saved, and displayed the PMT signal. The time course of the intensity change was fit to a second order rate law.

For the NADH fluorescence, either a 200 mW 357 nm argon ion laser (Innova 90, Coherent Inc. Santa Clara, CA) or a 16 mW, 372 nm wavelength diode laser (1Q micro 1A, model LDCU8/8940, Power Technologies Inc. Alexander, AR) was used for excitation (see the [Supporting Information](#si1){ref-type="notes"}). Detection used the same fiber optic setup as for chemiluminescence. Reaction concentrations, sampling rate (1 kHz), total sampling time (30 s), and the fiber optic detection system were the same for both sets of experiments.

Results and Discussion {#sec3}
======================

Microfluidic Setup {#sec3.1}
------------------

The LDR functions as a stirred batch microreactor with convection induced by the ultrasound.([@ref14]) In order for this system to function properly, correct orientation of the capillary system is vital. Two feed capillaries must be coplanar on the top, while the drain capillary is centered below (Figure [1](#fig1){ref-type="fig"}C). Improper orientation results in wicking of the drop to the side of the capillary bundle. Even with proper orientation, it is essential to coat the capillary tip with CYTOP to prevent drop adhesion.

Chemiluminescence Experiments {#sec3.2}
-----------------------------

Typical chemiluminescence data are shown in Figure [2](#fig2){ref-type="fig"}. The reactions are

![Chemiluminescence kinetics in levitated drops: (A) single chemiluminescence transient. Introduction of copper/luminol and H~2~O~2~ solutions at times shown. (B) Six raw chemiluminescence transients, baseline, and time-offset that show the system reproducibility. (C) Average of data in part B. Fit to second-order rate law is "consistent fit." Allowing \[luminol\]/\[H~2~O~2~\] to be fit independently from \[luminol\] − \[H~2~O~2~\] gives "independent fit." (D) Scale expansion of fits in the inset in part C. A nonmonotonic decrease in luminescence data is evidence of dynamics other than simply mass-action kinetics.](ac-2009-01400y_0002){#fig2}

The primary reasons for performing these experiments were to demonstrate that reactions initiated by reactant flow from capillaries could be observed in the drop and that reactant mixing in the LDR from diffusion, flow-induced convection, and ultrasound-induced circulation was sufficiently rapid to be useful for study on a second or faster time scale. Data seen in Figure [2](#fig2){ref-type="fig"} and the still images extracted from one of the runs (Figure [3](#fig3){ref-type="fig"}) show that mixing is essentially complete within 1 s after reactant influx is stopped.

![Chemiluminescence kinetics in levitated drops: A single chemiluminescence transient with individual frames of a video recording of a luminescence experiment. Changes in the drop color intensity, size, and shape can be seen over time. Inset: Magnification of 3.13 s levitated drop. Shows ripples in the drop from adding H~2~O~2~ and the initiating reaction.](ac-2009-01400y_0003){#fig3}

Figure [2](#fig2){ref-type="fig"}A shows a single transient of a total of six chemiluminescence experiments (Figure [2](#fig2){ref-type="fig"}B). The reaction is nearly complete within 15 s. As the H~2~O~2~ is introduced at ∼*t* = 3 s, the drop begins to luminesce, causing a sharp increase in photocurrent. While valve switching is precise to better than 0.1 s, mixing time varies over a 1.5 s range. The inset of part B of Figure [2](#fig2){ref-type="fig"} shows the traces offset to a common baseline, with transients shifted in time so that all decays go through 0.5 μA simultaneously. Averaging all the traces in part B, one obtains the inset in part C. Figure [2](#fig2){ref-type="fig"}D shows the misfitting of the data at later times in the reaction as a result of inhomogeneity in the drop. If the decay were a pure second-order reaction between luminol and H~2~O~2~ with the effect of Cu^2+^ limited to increasing the pseudosecond order rate constant *k*~2~, the fluorescence intensity would follow a time course, where *A* = \[luminol\]~0~, *B* = \[H~2~O~2~\]~0~, *F* is an arbitrary scale factor dependent on observation system and reaction quantum yield, and *k* is an effective rate constant, dependent at least on pH, ionic strength, and \[Cu^2+^\]. By design, *B* \> *A*. As expressed here, (*B* − *A*) can either be computed from the initial values of *A* and *B* or used as a separate fitting parameter. When it is separately optimized, one obtains the best possible fits. Obviously, an alternative interpretation is that the rate law governing chemiluminescence is more complicated than a pure second order. Yu et al. postulate a mechanism that would be at least third order or involve a pre-equilibrium.([@ref27]) The point here is not to elucidate the mechanistic details but rather to demonstrate that such elucidation is plausible with this apparatus.

Figure [3](#fig3){ref-type="fig"} shows individual frames from a video recording of a luminescence transient. Between 3 and 4.5 s there is heterogeneity within the drop. As the H~2~O~2~ is introduced, beginning at 2.97 s, the drop begins to gradually illuminate in a nonuniform manner. Circulation from solution introduction causes the drop to precess in a circular motion which ultimately results in a well mixed drop that reaches maximum intensity at 3.7 s and only 0.7 s after completion of H~2~O~2~ introduction. At 3.7 s there is a noticeable decrease in intensity which rebounds at both 4.0 and 4.1 s, neither reaching the intensity observed at 3.7 s. After 4.2 s, the drop luminescence intensity steadily decreases. Between 7.34 and 10.23 s, a great difference in drop intensity can be seen. In addition to the intensity changes, inhomogeneity can be seen over time. At 3.13 s (Figure [3](#fig3){ref-type="fig"}, inset), the ripples seen in the drop are evidence of mixing. For each time noted on the plot beyond 3.13 s, small drop modulations are observed. The inset in Figure [2](#fig2){ref-type="fig"}D shows that some small signal modulation inconsistent with a pure mass-action, monotonic approach to equilibrium is observed. Whether this is due entirely to drop inhomogeneity or if dust or some other source causes this modulation has not been determined.

LDH Experiments {#sec3.3}
---------------

NADH/LDH/pyruvate kinetic data can be seen in Figures [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}. The reaction is where LDH catalyzes the reduction of pyruvate to lactate by NADH in the LDR. Attempts to study this well-known reaction presented several difficulties. Although a difference is observed between the transients of reacted samples and that of water or unreacted NADH, reproducibility between runs was difficult to obtain. When a run was successful, it followed Michaelis−Menten([@ref28]) kinetics remarkably well, as detailed below.

![Lactate dehydrogenase catalyzed reduction of pyruvate to lactate in the LDR: (A) transient of 18 MΩ deionized water, (B) transient in the absence of pyruvate (NADH only), and (C, D) two 30 s transients from runs in the LDR on two different dates. Each transient relaxes to a steady state with consumption of all pyruvate and ∼10% of NADH. (E, F) Represents the Michaelis−Menton fit for parts C and D, respectively. (Data smoothed using a 21 point Savitzky−Golay algorithm (parts A and B) and 51 points (part C). Parts D−F data are not smoothed.)](ac-2009-01400y_0004){#fig4}

![Drop pathological phenomena: (A−F) transients of lactate dehydrogenase catalyzed reduction of pyruvate to lactate in the LDR. Drop breathing (A and C), bubble formation and dissipation (B and E), and spinning (C and F). Bubbles formed during drop generation; most have dissipated within 15 s of drop formation.](ac-2009-01400y_0005){#fig5}

Figures [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} show LDH experiments from two series of drops formed at 1 min intervals without changing levitation parameters (see the [Supporting Information](#si1){ref-type="notes"}). Data presented represent 15% of the total from the two series. Figure [4](#fig4){ref-type="fig"}A shows fluorescence from a blank, a 4 μL drop of 18 MΩ deionized water. Figure [4](#fig4){ref-type="fig"}B shows the transient for a newly formed drop that contains only NADH. Besides the intensity increase as a result of the NADH fluorescence, the drop is relatively stable and exhibits little change over the 30 s observation period. This demonstrates that NADH fluorescence is steady when laser-excited but when no pyruvate or enzyme is present.

Parts C and D of Figure [4](#fig4){ref-type="fig"} show data from successful LDH runs. Within the first 4 s, the NADH/pyruvate mixture and LDH have formed a levitating drop and have begun reacting. As the NADH and pyruvate are consumed, the signal decays. Each transient reaches a steady state as all of the pyruvate and approximately 10% of the NADH is consumed. If all of the NADH had been consumed, the signal intensity would have eventually dropped to zero; instead the intensity drops by about 20% in each case. Parts A−C and E of Figure [4](#fig4){ref-type="fig"} exhibit the same high-frequency fluctuations. We attribute the majority of the fluctuations to shot noise. The Savitzky−Golay([@ref29]) algorithm was used to filter the data.

While we attempted to derive a rate law and integrated rate expression based on an extensive set of fundamental reactions in this system, the number of fitting parameters exceeded what could be statistically justified from the noisy data. This is hardly a novel problem.([@ref30]) We thus approximated the reaction model as pure Michaelis−Menten, with pyruvate as the kinetically limiting substrate, where *K*~M~ and *V*~max~ have the usual meanings of substrate binding constant and maximum reaction rate, ignoring product inhibition. Since detection was via NADH fluorescence, Integration of eq [6](#eq6){ref-type="disp-formula"} gives This is conveniently rewritten in terms of the fraction of reaction completed, *f*. *V*~max~ is known from the assay of enzyme used in the reaction, so *K*~M~ is the free fitting parameter. Equations [8](#eq8){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"} were used iteratively to fit the data in Figure [4](#fig4){ref-type="fig"}C,D. Data in Figure [4](#fig4){ref-type="fig"}C was offset to a zero baseline. The experimental substrate, enzyme concentration, and time were used to generate the fitted decay of Figure [4](#fig4){ref-type="fig"}C,D, as shown in Figure [4](#fig4){ref-type="fig"}E,F. The fitted *K*~M~, 0.2 μM,([@ref31]) matched literature values under the conditions used, offering validation that the LDR could serve, at least in this case, as a useful microreactor for studying biochemical reactions. The reaction in the 5 μL drop in the LDR, in a volume comparable to other microfluidic systems and orders of magnitude smaller than conventional systems, provides data comparable to a macroscopic system.([@ref31]) It is important to note that the reactions were conducted without active environmental controls (temperature, pressure, humidity, etc.) other than the approximate regulation provided by building heating systems. Nevertheless, results were reproducible.

The data in Figure [4](#fig4){ref-type="fig"} demonstrate the potential for LDRs to be used as microreactors. Figure [5](#fig5){ref-type="fig"}, on the other hand, presents several nonidealities of the LDR system that must be understood and rectified, before the system will offer the reproducibility expected in a routinely useful instrumental system. Contributions to these nonidealities in drop signal in addition to the obvious shot noise include rapid spinning of the drop, translational and shape oscillations of the drop^[@ref32],[@ref33]^ (referred to as "breathing modes" throughout the remainder of this article), bubble formation, and dissipation and scattering from debris present in the drop. Examples of these phenomena have been previously reported^[@ref34],[@ref35]^ and are classified in Figure [5](#fig5){ref-type="fig"} using images obtained from the CMOS camera.

In all insets in Figure [5](#fig5){ref-type="fig"}, each drop exhibited bubbles forming as the drop was being generated; these eventually dissipated. For droplets that have bubbles present, whether large or small, stationary or in-motion, random increases in intensity and large frequency fluctuations in the samples are observed (Figure [5](#fig5){ref-type="fig"}A,D). When a droplet is breathing, dips and valleys are present as seen in parts B and E of Figure [5](#fig5){ref-type="fig"}. Although the signal is compromised as a result of the breathing motions of the drop, convection is necessary to mix the reactants and burst the bubbles to form a homogeneous drop. Spinning of the drop also aids in the mixing of the drops contents; spinning rapidly correlates with noisy signals from the drop. When a drop is spinning, evenly spaced sharp increases in intensity appear as in parts B and E in Figure [5](#fig5){ref-type="fig"}.

Limitations and Improvements {#sec3.4}
----------------------------

A number of changes to the LDR system are required to make it useful for its design purpose of studying the kinetics of enzyme reactions involving reactive oxygen species. Active temperature and humidity controls are being added. Improvements in sample introduction using ballistic injection of "drops on demand" are also in process. Understanding and optimizing mixing of separate reactant streams (whether continuous from capillaries or discrete from droplet injection^[@ref36],[@ref37]^) is critical. While mixing times ∼0.5 s are useful for some experiments, times below 0.1 s are necessary for the study of many free radical systems and times below 0.01 s are necessary to be competitive with, e.g., stopped flow systems.

Conclusions {#sec4}
===========

The purpose of this article was to demonstrate that an LDR can be used to obtain enzyme and other reaction kinetics data in a system free of solid−liquid interfaces. Success at such measurements has been shown for LDH. Also noted were drop stability, mixing, and instrument limitations, most of which can be remedied with engineering improvements, in progress. The development of electrochemical and additional optical diagnostics is proceeding.
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